Abstract -The objective of this work was to apply fuzzy majority multicriteria group decision-making to determine risk areas for foot-and-mouth disease (FMD) introduction along the border between Brazil and Paraguay. The study was conducted in three municipalities in the state of Mato Grosso do Sul, Brazil, located along the border with Paraguay. Four scenarios were built, applying the following linguistic quantifiers to describe risk factors: few, half, many, and most. The three criteria considered to be most likely to affect the vulnerability to introduction of FMD, according to experts' opinions, were: the introduction of animals in the farm, the distance from the border, and the type of property settlements. The resulting maps show a strong spatial heterogeneity in the risk of FMD introduction. The used methodology brings out a new approach that can be helpful to policy makers in the combat and eradication of FMD.
Introduction
Foot-and-mouth disease (FMD) is one of the most important animal diseases from an economic point of view (Paton et al., 2009; Knight-Jones & Rushton, 2013) . The foot-and-mouth disease virus (FMDV) is an Aphthovirus within the Picornaviridae family of viruses (Garland & Donaldson, 1990) . It replicates extremely rapidly, is highly contagious, and can affect a wide range of domestic and wild cloven-footed animals, which makes it one of the most infectious diseases known in the animal kingdom. The key features that contribute to this include the virus's ability to gain entry and initiate infection through a variety of sites, as well as its small infective dose, short incubation period, release before the onset of clinical signs, excretion of massive quantities by infected animals, ability to spread large distances due to airborne dispersal, and survivability in the environment (Donaldson & Alexandersen, 2002) .
In Brazil, FMD was endemic until the 1980s, when a decrease in the number of outbreaks was observed due to the use of quality vaccine and to the identification and control of endemic areas (Lyra & Silva, 2004; Naranjo& Cosivi, 2013) . In 1992, an eradication program with regionalized strategies, according to livestock production systems, was implemented, leading to a decrease in outbreaks from 2001 onwards (Saraiva, 2004) . According to the principle of regionalization established by the World Organisation of Animal Health (OIE), Brazil has, nowadays, 59% of the territory classified as FMD free with vaccination, which accounts for 89% of the Brazilian bovine herd (Brasil, 2011) .
Specifically in the state of Mato Grosso do Sul, 21 FMD outbreaks were recorded in 1994, 2 in 1998, and 2 in 1999, in the municipalities of Porto Murtinho and Naviraí. In 2001, the state was classified as a FMD-free zone by the OIE. However, in September 2005, there was a reintroduction of the FMD virus in the state, involving municipalities located along the border with Paraguay. This reintroduction led to the suspension of the FMD-free classification in the state and also in other states of Brazil. The restoration of the sanitary condition of free from FMD by OIE only occurred in 2008.
In 2007, by the recommendation of the OIE, a high surveillance zone (HSZ) was created, which consists of a 15-km area along each side of the border between Paraguay, Brazil, Argentina, and Bolivia. The implementation of this HSZ was due to the epidemiological instability observed in the region, with frequent occurrences of FMD outbreaks in border areas, but without clarifying the origin of the viral agent (Brasil, 2010) . Veterinary surveillance was reinforced through several actions implemented in the region, such as geolocation of the farms and individual identification of all animals in the area. One of the biggest issues in obtaining the status of "free zone with vaccination" is maintaining this sanitary condition, because of the necessary permanent monitoring procedures.
The strategy of Ministério de Agricultura, Pecuária e Abastecimento, the Brazilian Ministry of Agriculture, Livestock and Supply, to combat and eradicate FMD is based on activities and actions that aim to identify the presence or certify the absence of a specific animal disease in a defined geographic area, with particular attention to border regions. Activities are focused towards farms more likely to contain infected or diseased animals.
The analysis of the spatial distribution of disease risk and its visual presentation through risk maps allows designing targeted and, therefore, more cost-effective animal disease surveillance strategies. Another benefit is the potential to reveal spatial heterogeneity in risk patterns at fine scales relevant for practical prevention and control activities (Eisen & Eisen, 2011) .
There are various methods by which disease risk maps can be generated. One of these is the GIS-based multicriteria decision analysis (GIS-MCDA), which can be defined as a process that transforms and combines geographical data (map criteria) and value judgments (decision-makers' preferences and uncertainties) to obtain appropriate and useful information for decision-making (Boroushaki & Malczweski, 2010) . A key strength of MCDA is the ability to incorporate multiple stakeholder perspectives, as well as uncertain, subjective, and qualitative information, into an explicit and transparent decision-making processes (Hongoh et al., 2011) .
In epidemiology, GIS-MCDA has been used to identify risk areas for vector-borne diseases, in which there is a clear relationship between land cover and the presence of the vector (Rakotomanana et al., 2007) , as for avian influenza (Stevens et al., 2009; Zahhaf, 2010) and for Rift Valley fever (Clements et al., 2006) .
Although several models and studies have adopted GIS to evaluate epidemics and control measures, the use of GIS tools to identify potential risk areas for FMD in countries free of the disease with vaccination or in the process of eradicating the disease is still incipient. It should be highlighted that the GIS-MCDA methodology has never been applied before to map the likelihood of FMD introduction.
The objective of this work was to apply fuzzy majority multicriteria group decision-making to determine risk areas for foot-and-mouth disease (FMD) introduction along the border between Brazil and Paraguay.
Materials and Methods
The study was conducted in three sites (municipalities) located on the Brazilian side of the border, in the state of Mato Grosso do Sul, which used to be considered HSZ for FMD: Porto Murtinho in the extreme north (21º41'56"S, 57º52'57"W), Ponta Porã (23º32'30"S, 55°37'30"W) in the center, and Mundo Novo (23º56'16"S, 54°16'15"W) in the south of the state. These municipalities were chosen because they represent differences that exist along the border and By an agreement between Embrapa Gado de Corte and Ministério da Agricultura, Pecuária e Abastecimento, the official database of 2010 was used for the present study. This database contains all properties declared by the producers of each studied site, including number of cattle, herd categories, number of other species, shipments (entries and exists), geolocation, pasture area, and total area.
Delimitations of the municipalities of the state of Mato Grosso do Sul and of Paraguay, as well as the main roads of the evaluated region, were obtained from Instituto Brasileiro de Geografia e Estatística (2010); and the geolocation of slaughterhouses, auctions, and dairy plants was provided by Ministério da Agricultura, Pecuária e Abastecimento.
Geographic data were visualized and manipulated using ArcGIS, version 9.2 (ESRI, Redlands, CA, USA). The methodology applied for multicriteria decision analysis was the fuzzy majority approach implemented within ArcGIS under the Multicriteria Group Analyst extension proposed by Boroushaki & Malczewski (2010) .
This process comprises two basic steps. The first is the creation of individual solution maps for each decision-maker. Each decision-maker selects the relevant criteria for the decision-making process according to her/his judgment. Then the criteria to be maximized and minimized can be selected and standardized. The standardized values will be added to the solution map in the form of standardized fields. The last step of the individual decision-making process involves the selection of the criterion weights and of the aggregation definition term. The ordered weighted averaging (OWA) score of the alternatives will be stored in the OWA field of the solution map. The OWA analysis allows manipulation of the degree to which a high score for a criterion can compensate for a low score in another.
The second step is to generate the group solution map. The module reads the judgments and preferences of all decision-makers from the database and creates the group solution map in the form of a feature layer. The module is capable of aggregating solution maps according to different values. Problems related to group decision-making typically require computing an overall opinion of the group, which corresponds to the "majority" of the decision-makers' preferences. Within fuzzy approaches to group decision-making, a linguistic statement (e.g., most) can be used to synthesize the opinion of the majority of the decision-makers. This fuzzy majority can be defined in terms of a linguistic quantifier, which can be used to indicate a combination strategy to guide the aggregation process of an individual decision-maker's preferences.
The final score of alternatives is calculated according to the fuzzy majority approach, using induced ordered weighted averaging (Iowa), and it is then stored in a field within the group solution feature layer. The combination method generates a numeric likelihood score (OWA) that ranges from 0 (lower likelihood) to 1 (higher likelihood) for each studied feature. For a detailed explanation of the construction of OWA values, see Boroushaki & Malczweski (2010) .
The risk factors were based on the concept of "vulnerability", which means the ability of the viral agent to enter a farm or region and spread. Eight experts from universities, governmental agencies, and the OIE were invited to give their opinion on the risk factors known to be the most related to FMD introduction in the region. The experts specified their Pesq. agropec. bras., Brasília, v.51, n.5, p.661-670, maio 2016 DOI: 10.1590/S0100-204X2016000500029 preferences regarding the level of importance of each risk factor (weight), represented by a set of linguistic terms: very low, low, medium, high, and very high. These linguistic terms were transformed into crisp numbers. Each linguistic term can be represented by a linear-membership fuzzy number. The use of fuzzy logic allows dealing with the uncertainty or imprecision that is inherent of complex decision-making problems. The transformation uses a three-scale system, which corresponds to the fuzzy numbers.
The linguistic quantifiers used to aggregate experts' opinions in the group solution maps were pre-established in order to explore and analyze different possible scenarios. Experts were invited to give their opinions about the importance of the different risk factors, regardless of whether they would be satisfied by few, many, half, or most of the risk indicators.
Standardization of risk factors was carried out in order to place all values on the same scale. This step is very important when dealing with parameters of different units and scales. In order to allow a comparison between them, each parameter variable ranges from 0 to 1.
The risk factors used in the present study were identified from published literature, discussion with experts from universities and government agencies, and were converted into risk indicators (Table 1) .
Data sets were subjected to four different linguistic quantifiers -few, half, many, and most -in order to aggregate the individual solution maps into the group solution maps. The final scenarios for each data set were: few, the region/farm would be at risk of vulnerability to FMD introduction if only few risk factors were present; half, the region/farm would be at risk of vulnerability to FMD introduction if half of the risk factors were present; many, the region/farm would be at risk of vulnerability to FMD introduction if many of the risk factors were present; and most, the region/ farm would be at risk of vulnerability to FMD if most of risk factors were present.
OWA values were estimated by farm. To construct risk maps for the entire study area, an interpolation in the ArcGis software, version 9.2 (ESRI, Redlands, CA, USA), was carried out using the kriging tool from the Spatial Analyst extension. This is an interpolation method that predicts unknown values from data observed at known locations. The method uses variograms to express spatial variation and minimizes the error of predicted values, which are estimated by the spatial distribution of the predicted values. A mask of the municipality was used in order to distribute values to all studied sites.
The Kruskal-Wallis nonparametric test, at 1% probability, was applied in order to compare OWA values between sites and types of property. Assumptions for the Kruskal-Wallis test are that, within each sample, the observations are independent and identically distributed, and that the samples are independent of each other, which is the case of OWA values. All statistical analyses were performed in the SAS software, version 10.0 (SAS Institute Inc., Cary, NC, USA).
Results and Discussion
It is important to clarify that this was an exercise in modeling the likelihood of FMD introduction along the border region between Brazil and Paraguay, although currently considered free with vaccination. The GIS-MCDA methodology employed does not generate estimates of absolute risk, but rather describes variation in absolute risk maps. The maps produced allow the identification of areas with relatively higher and lower risk of FMD introduction, without quantifying what the risk is, but still informing risk management activities.
As with all modeling work, it is important for the user of these outputs to be aware of the assumptions made in relation to the models, as well as of any potential sources of selection and information biases when interpreting the results of such analyses (Stevens et al., 2009) . The risk indicators studied in the present work were the ones that could be mapped. Other risk factors, as, for example, movement of people within a farm and illegal shipments, could not be spatially represented.
The two criteria considered to be most likely to influence the vulnerability to FMD introduction, according to experts' opinions, were the introduction of animals in the farm (entries) and the distance from the border (Figure 1 ). For the criteria related to the type of production systems, the experts agreed that the type farm presents less risk than the other types (settlements, periphery, and Indian zone, in this order). Exits represented the criterion that caused most controversy among experts.
Experts' opinions are very important in this kind of exercise, in which there is a lack of empirical data Pesq. agropec. bras., Brasília, v.51, n. Total bovine herd divided by pasture area of the farm.
Increasing density of cattle is expected to be associated with a higher contact rate between susceptible and infected animals.
Presence of young animals (Pres0024)
Sum of male and female cattle and buffalo from 0 to 24 months of age.
In areas where animals are subjected to routine FMD vaccinations every 6 months, this age group of animals, especially from 6 to 12 months, represents the most susceptible to FMD because they received a lower number of vaccines during their life time.
Presence of other susceptible species (Espsucep)
Sum of number of other susceptible species present on the farm, such as goats, sheep, and pigs.
In Brazil, only cattle and buffalo are vaccinated against FMD. If the virus is able to enter in a region, these other species would be affected.
Distance from main roads (Distmainroads)
Euclidian distance from the farm to the nearest main road of the region (paved or in the process of paving).
Mains roads for the circulation of most of the animals that are transported to slaughterhouses, auctions, or to other farms.
Distance from the frontier (Distfrontier)
Euclidian distance from the farm to the border with another country or region with a lower sanitary status.
Being an airborne disease, increasing the distance from the border with lower sanitary conditions is expected to be associated with decreasing the risk of FMD introduction.
Distance from slaughter houses and dairy plants (Distslaughter) Euclidian distance from the farm to the nearest slaughter house or dairy plant.
Since they represent animal agglomeration from different locations, the proximity of these areas is expected to be associated with higher risk. Milk transport to dairy plants is also considered a vehicle of FMD transmission.
Distance from auctions and rest zones (Distauctions)
Euclidian distance from the farm to the nearest auction or area designated for the rest of the animals in transit.
Animal shipments (Entries)
Number of cattle shipments that enter in the farm in a one year period.
The entry of animals in the farm from different regions is expected to be associated with the risk of FMD introduction.
Animal shipments (Exits) Number of cattle shipments that leave the farm in a one year period.
Exits of animals from the farms are expected to be associated with the risk of FMD introduction due to the circulation of vehicles and of people to transport these animals.
Type of property (Settlements) (Periphery) (Indian zone) (Farm) This is a qualitative variable. The properties in the database are characterized as: settlements (1) , periphery (2) , Indian zone (3) , and rural property (4) .
Risk perception is more subjective in this indicator. According to experts' opinions, settlements, periphery, and Indian zone would present higher risk of FMD introduction than a rural property. This is specially due to the higher cattle density in these areas, especially in settlements, and to the lower perceived sanitary conditions of these establishments.
(1) Settlements, area of land under agrarian reform, used for agriculture and/or extractive production. It is also a space of heterogeneous social groups, consisting of peasant families, who earn their living in expropriated or purchased areas by the federal and/or the state government.
(2) Periphery, small farms located on the outskirts or even inside the cities.
(3) Indian zone, farms located inside Indian zones. (4) Rural property, areas designated to livestock or agriculture activities, independently of their size, and that do not fit in the other three categories.
Pesq. agropec. bras., Brasília, v.51, n.5, p.661-670, maio 2016 DOI: 10.1590/S0100-204X2016000500029 status as Brazil, i.e., free with vaccination, and the Paraguayan government has been making efforts to improve sanitary conditions in the country, the situation has not totally been resolved. In the end of 2011, an outbreak occurred in Paraguay (World Organisation for Animal Health, 2012) , showing that there is still some fragility in the control and eradication of FMD, especially in some isolated areas. A study published by Garabed et al. (2009) also identified great divergence between experts' opinions and the OIE classification about the probability of FMD presence in Paraguay, even though it is currently considered free.
For the type of property, experts agreed that settlements represent higher risk, followed by periphery and farms. This is mostly due to the generally low education level and greater need for government assistance within settlements, especially because a great part of these establishments is located along border areas. When farm-based scenarios were analyzed, the Ponta Porã site presented higher average risk values than the other sites for all scenarios. This is because 86% of the establishments from Ponta Porã are settlements. As these risk factors were considered high or very high by almost all experts, the weight of this indicator in the final risk value was also high. In Porto Murtinho, however, settlements represent only 23% of the establishments, which results in lower risk values than those of the other municipalities. The studied sites differ from the other regions of the state of Mato Grosso do Sul, regarding some socioeconomic and geographic aspects. In addition, the great quantity of familiar establishments along this wide border makes sanitary control difficult. This is the reason why the border region between Brazil and Paraguay is one of the most critical areas for Brazilian livestock production, where the risks involved for the entry of FMD are high.
Farmers from the Mundo Novo and Porto Murtinho sites, independently of herd size, are more conscious about their role in FMD control. Despite efforts made by the government to improve sanitary measures and control, better assistance is still necessary, especially for small farmers. They still lack formal sanitary control and need constant training and support.
Following the 2005 outbreak, some lessons were learned and Paraguay and Brazil have been working together for the control and eradication of FMD. The creation of the HSZ in this area contributed to better sanitary control, and the supervision of vaccination improved vaccine coverage. Despite the end of the HSZ and the classification of the region as FMD free with vaccination, as the rest of the state of Mato Grosso do Sul, differentiated sanitary measures and control should still continue.
The fuzzy majority approach for GIS-MCDA applied in the present study provides a new framework for studying the likelihood of FMD introduction along the border between Brazil and Paraguay, which could be used to support surveillance actions in the region. This is the first time that this methodology has been applied for risk assessment of infectious animal diseases. Through the fuzzy majority approach, it was possible to combine experts' opinions and construct scenarios that can be analyzed afterwards. The question addressed here was: "For a farm to be considered at risk of FMD introduction, how many risk factors should be present? A few, half, many, or most of them?" Risk maps were produced for the two extreme scenarios, i.e., few and most (Figures 2 and 3 ). The few scenario is very sensitive, and the most scenario very specific. Values are presented as OWA and range between 0 (lower likelihood) and 1 (higher likelihood); this range varies according to the studied scenario (Table 2) . Resulting maps show a spatial heterogeneity of risk within each site and between sites. They identify the areas where FMD is most likely to be introduced based on the risk factors considered. The numerical value has no absolute likelihood interpretation but rather a relative likelihood one, allowing characterization of locations with relatively lower or higher likelihood.
The likelihood of FMD introduction in the few scenario is fairly homogeneous across the Mundo Novo site, where the entire area presented high OWA values (Figure 2 ). For the Ponta Porã site, only the northern portion would have less risk, whereas, for the Porto Murtinho site, it is apparent that the likelihood is higher toward the western region, closer to the border.
The likelihood of FMD introduction in the most scenario is low and very low across all three sites (Figure 3) , although there are some pockets of increased likelihood of FMD introduction in the southern and northern portions of the Porto Murtinho site and in the center of the Ponta Porã site.
The construction of different scenarios allowed different alternatives to be explored and selected depending on the objective of the risk assessment. The few scenario is the most sensitive, whereas the most scenario is the most specific, and the remaining two scenarios are found in between these two extremes. If the purpose of the study is to identify potential risk areas for the introduction of FMD to begin or change the direction of a surveillance program, then few or half scenarios should be used.
However, if the aim is to identify farms that have a higher potential risk of FMD introduction and to orient target surveillance actions (for example, studies of viral circulation), it would be interesting to choose farms with high OWA values in the many or most scenarios. Even if the OWA values are low (between 0 and 0.3), since they describe variation in absolute values, it is possible to say that all farms with the highest values in the many and most scenarios show higher risks, because they associate almost all important risk factors, according to experts' opinions.
When the average OWA values for the three sites were compared, it was possible to observe that Ponta Porã presented a higher likelihood of FMD introduction for all studied scenarios. The order of the second and third place changes according to the assessed scenarios. Mundo Novo comes in second for the few and half scenarios, and Porto Murtinho presents the second highest values for the many and most scenarios ( Table 3 ).
The analysis by the type of property shows that, independently of the studied site, settlements present higher risk values, followed by periphery and farms, regardless of the scenario (Table 4 ). The Indian zone did not enter the analysis because there were only two establishments that were described as Indian zone in the data base.
In general, the risk maps produced in the present study can be used as a basis for a discussion with local stakeholders. Risk maps, associated to local knowledge, can provide an improvement in the identification of farms with potential risks and provide results that are closer to reality, helping policy makers in the combat and eradication of FMD.
Conclusions
1. The three criteria considered to be most likely to influence the vulnerability to foot-and-mouth disease (FMD) introduction, according to experts' opinions, are the introduction of animals in the farm, the distance from the border, and the type of property settlements.
2. The maps produced present differences in the likelihood of FMD introduction between the three evaluated municipalities, of which Ponta Porã shows the highest risk values in all four different studied scenarios.
3. The fuzzy majority multicriteria group decision-making analysis methodology shows great potential for studying complex diseases, such as FMD, as it deals with the uncertainty and complexity of different points of view. 
